The uncultivated bacterial endosymbionts of the hydrothermal vent tubeworm Riftia pachyptila play a central role in providing their host with fixed carbon. While this intimate association between host and symbiont indicates tight integration and coordination of function via cellular communication mechanisms, no such systems have been identified. To elucidate potential signal transduction pathways in symbionts that may mediate symbiont-host communication, we cloned and characterized a gene encoding a histidine protein kinase homolog isolated from a symbiont fosmid library. The gene, designated rssA (for Riftia symbiont signal kinase), resembles known sensor kinases and encodes a protein capable of phosphorylating response regulators in Escherichia coli. A second open reading frame, rssB (for Riftia symbiont signal regulator), encodes a protein similar to known response regulators. These results suggest that the symbionts utilize a phosphotransfer signal transduction mechanism to communicate external signals that may mediate recognition of or survival within the host. The specific signals eliciting a response by the signal transduction proteins of the symbiont remain to be elucidated.
Bacteria monitor and adapt to changes in their environment through a family of signal transduction proteins, namely, sensor kinases and their cognate response regulators. Sensor kinases monitor environmental parameters and activate response regulators through phosphorylation to mediate changes in gene expression. More than 20 different adaptive response systems have been identified in over 30 prokaryotic species (12, 24, 27) as well as in several eukaryotes (5, 18, 22; see reference 6 for a recent review). The high sequence conservation and widespread occurrence of these systems imply that they are a highly conserved device for the coordinate regulation of adaptive responses.
Symbiotic associations require highly specialized host-symbiont communication mechanisms since, in many instances, the host cannot survive without the symbiont and vice versa. One example is the association of the hydrothermal vent tubeworm Riftia pachyptila and sulfide-oxidizing chemoautotrophic bacteria which belong to the gamma subdivision of proteobacteria (9) . The obligate nature of this symbiosis is evident by the fact that adult tubeworms are never found without symbionts and that the symbionts have not yet been cultivated outside the host. Symbionts collected from geographically distant vestimentiferans along the East Pacific Rise are virtually identical, and their phylogeny is not congruent with that of the respective hosts (10) . This and the fact that in situ probing studies failed to detect bacteria in Riftia gametes (4) suggest that the symbionts are acquired from a free-living bacterial population. The ontogeny of the host supports this view. Although adult Riftia worms lack a mouth or digestive system (14) and are completely reliant upon their chemoautotrophic symbionts for nutrition, young juveniles apparently possess a transient mouth and a ciliated gut (15) . Bacteria appear in the gut at an early developmental stage, after which the mouth opening closes and the gut develops into the symbiont-harboring trophosome tissue.
In this specific and obligate association we may expect to find coordinate regulation of specific "symbiotic" genes by host signals and a bacterial response similar to the induction of gene expression in other intracellular associations between bacteria and animal or plant hosts. The highly integrated nature of the Riftia association makes the existence of these processes likely but makes their elucidation difficult. For the lack of cultivable symbionts, we have undertaken a molecular approach to identifying functional two-component systems involved in bacterial sensing.
MATERIALS AND METHODS
Isolation and purification of symbiont DNA. The specimens were collected at the 13°N vent site of the East Pacific Rise at a depth of 2,600 m by using the research submersible Alvin during the HERO cruise, April 1992. The bacterial symbionts were isolated from Riftia trophosome tissue and purified on a Percoll gradient as previously described (8) . High-molecular-weight DNA was prepared from the isolated symbionts by lysis and extraction in agarose plugs as previously described (25) .
PCR amplification of symbiont DNA. The following degenerate primers were designed by aligning conserved sequences of known histidine protein kinases: 5Ј-CATGAGC(A)TICGG(A)ACICCG-3Ј and 5Ј-CAGC(G)CCIAGCCCIG(C) TICC-3Ј. The 50-l reaction mixture contained 1 ng of purified Riftia symbiont genomic DNA per l, 2.5 mM MgCl 2 , 0.8 l of primers, 200 l of deoxynucleoside triphosphates, 5% acetamide, 5 l of 10ϫ TaqI buffer, and 2.5 U of Taq DNA polymerase. PCR conditions were 95°C for 4 min and then 30 cycles of 92°C for 90s, 48°C for 90s, and 72°C for 2 min (with a 5-s extension at 72°C of each subsequent cycle).
Hybridization of the symbiont fosmid library. A fosmid library was constructed from the high-molecular-weight symbiont DNA and replicated onto nylon filters for heterologous probing by methods described previously (25) . The resultant 1,500-member fosmid library was probed with labeled histidine kinase PCR products amplified from symbiont genomic DNA.
Complementation of mutant sensor kinases in Escherichia coli. DNA from fosmid clone 3F3 was partially digested with Sau3AI, and fragments of 1 to 3 kb were selected. The fragments were ligated into pIN-IIIA series expression vectors digested with BamHI and dephosphorylated. Strains DZ225 and ANCC22 were transformed with the resulting recombinant plasmids and plated on appropriate selection media. Strain DZ225, an envZ deletion strain, carries an ompCЈ-lacZ fusion gene on its chromosome but exhibits the Lac Ϫ phenotype because of the envZ deletion mutation (20) . EnvZ is the sensor kinase necessary for ompC expression. Recombinant transformants were screened for a heterologous sensor kinase capable of phenotypic suppression of the envZ deletion mutation as evidenced by a phenotypic reversion from Lac Ϫ to Lac ϩ in DZ225. Strain ANCC22 exhibits a PhoA Ϫ phenotype due to mutations in both the phoR and creC sensor kinase genes. This strain was used to confirm the sensor kinase-active recombinants obtained from DZ225. DZ225 recombinants were grown on MacConkey agar plates containing ampicillin (80 g/ml), 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside), and 40 l of X-Gal (5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside) at a concentration of 20 g/ml. ANCC22 recombinants were grown on Luria-Bertani agar plates containing ampicillin (80 g/ml), 1 mM IPTG, and an indicator of alkaline phosphatase, BCIP (5-bromo-4-chloro-3-indolylphosphate).
Enzyme assays. ␤-Galactosidase activity was determined by the Miller method (19) . The cells were grown in medium A containing 1 mM IPTG, 0.4% glucose, vitamin B 1 (1 mg/ml), 1 mM MgSO 4 , and appropriate antibiotics. Alkaline phosphatase activity was measured by the method of Aiba et al. (1) . The cells were grown in Luria-Bertani broth containing 1 mM IPTG and ampicillin (80 mg/ml).
Nucleotide sequence accession number. The nucleotide sequences for the rssA, rssB, and bcp genes encoding the sensor kinase, response regulator, and bacterioferritin comigratory homologues, respectively, are available from the GenBank database under accession no. U93704.
RESULTS AND DISCUSSION
Probing of the symbiont fosmid library identified 70 clones that hybridized to the putative sensor kinase amplification product. Of these, 14 were analyzed by restriction fragment length polymorphism, 9 of which were confirmed by Southern hybridization to contain sequence similarity to the Riftia symbiont amplification products. Analysis of these nine clones indicated that eight were unique. One of these clones was selected for sequence analysis. The complete nucleotide sequence of a 3.5-kb stretch that hybridized to the labeled PCR product was determined (GenBank accession no. U93704).
Analysis of the DNA sequence revealed three open reading frames (ORFs) (Fig. 1A) , the first of which, designated rssA (for Riftia symbiont signal kinase), was 2,319 bp long and had a putative start codon, TTG, preceded by a plausible ShineDalgarno sequence, GATGAGG (consensus residues are underscored). Potential Ϫ35 and Ϫ10 promoter sequences, TCGACA and TATGAT, respectively, were located 116 and 84 bp upstream of the putative start codon. The second ORF, designated rssB (for Riftia symbiont signal regulator), was 855 bp long and had an ATG start codon preceded by the putative ribosome binding site CAGGAGCA. A database search revealed significant sequence similarity between the two deduced protein sequences and members of histidine protein kinase and response regulator families.
A third ORF, which would encode a protein with a predicted mass of 17,332 Da, was identified. The deduced amino acid sequence was similar (Ͼ34% identity) to the bacterioferritin comigratory proteins of E. coli (2) and Haemophilus influenzae (11) .
Structural features of the deduced amino acid sequences. The deduced amino acid sequence of RssA contained two domains homologous to sensor kinases and response regulators (Fig. 1B) . The sensor kinase domain of RssA showed greatest similarity (30% identity) to those of Pseudomonas aeruginosa LemA (13), E. coli BarA (20) , Bordetella pertussis BvgS (3), and Xanthomonas campestris RpfC (29) (Fig. 2) . The C-terminal domain of RssA showed significant homology (Ͼ30% identity) to numerous bacterial response regulators, including E. coli RcsC (28), B. pertussis BvgS (3), P. aeruginosa LemA (13), and to several bacterial CheY and PhoB proteins.
The predicted amino acid sequence of RssB showed significant similarity (Ͼ32% identity) to a number of response regulator proteins, including P. aeruginosa PilH (7), Bacillus subtilis SpoF (30) , and Bacillus sphaericus SpoA (Fig. 3) . The 
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A TWO-COMPONENT SYSTEM FROM R. PACHYPTILA SYMBIONTresidues that correspond to Asp-13, Asp-58, and Lys-112 of RssB align with the conserved residues of CheY (Asp-12, Asp-55, and Lys-105). The C-terminal domain of RssB has homology (Ͼ31% identity) with the C-terminal domains of several sensory transduction histidine kinases of Synechocystis spp. (16, 17) and with the effector domain of B. subtilis YycF (21). The sensor kinase family is defined by a region of approximately 240 conserved amino acids located near the C terminus of these proteins (27) . Within this conserved region, there are six invariant amino acid residues: N. . . (15 to 45 residues) . . .DXGXG. . . (20 to 50 residues) . . .GXG. The kinase domain of RssA contained all of these highly conserved sequences, termed the N (amino acid residues 507 to 518), G1 (residues 545 to 551), and G2 (575 to 581) boxes. In addition, all sensor kinases have an invariant histidine residue (His-396 for RssA) which is the presumed site of autophosphorylation and which generally precedes the conserved asparagine by 100 residues (Asn-515 for RssA). The deduced RssA protein contained all features characteristic of the histidine protein kinase family.
Analysis of the hydrophobicity profile of RssA revealed that amino acids 7 to 23 and 295 to 311 form hydrophobic regions sufficiently long to span the membrane. The proposed periplasmic domain of RssA (amino acid positions 32 to 292) does not show significant homology to any sequence in the database.
The response regulator family is defined by a conserved domain of approximately 100 amino acids that generally extends from the N terminus of each of these proteins (27) . The predicted response regulator domain of RssA, between amino acid residues 645 and 773, aligned with the secondary structure of the Salmonella typhimurium CheY protein (26) . The residues that correspond to Asp-657, Asp-702, and Lys-754 of RssA align with residues Asp-12, Asp-57, and Lys-105 in the CheY sequence. Typically, a second aspartate found in position 13 of CheY is replaced in RssA with an asparagine (Asn-658). In CheY, these acidic side chains form an acid pocket which may be necessary for phosphorylation of Asp-57 (27) . In addition, several residues immediately surrounding the third aspartate are not similar in RssA to the "typical" response regulators.
The rssAB operon thus appears to contain a sensor kinase and two response regulators; one response regulator is fused to the sensor kinase gene, and the second encodes an independent protein. There are at least six other known two-component systems with this type of arrangement, three of which show high sequence homology to RssA and RssB. B. pertussis BvgAS is a two-component system required for activation of virulence factors in B. pertussis, including defined toxins and adhesins. Agrobacterium tumefaciens VirAG (31) is required for expression of the vir genes necessary for tumor induction on susceptible plant cells. A third homologous system, RcsBC, is a regulator of capsule synthesis in E. coli K-12 (28) .
Expression studies. Plasmid pDH80, isolated from a Lac ϩ DZ225 transformant, contained a 1.1-kb BamHI insert that putatively conferred phenotypic suppression of the envZ deletion mutation, i.e., it caused the observed phenotypic reversion from Lac Ϫ to Lac ϩ of DZ225. Transformation of pDH80 into ANCC22 resulted in a PhoA ϩ phenotype demonstrating the ability of the cloned fragment to suppress the phoR and creC mutations of ANCC22. Sequence analysis of the BamHI fragment showed it to contain a 1,132-bp fragment of the RssA gene encoding the invariant His, Asn, and Glu residues and flanking regions.
The enzyme activity observed qualitatively on both indicator plates was confirmed quantitatively by directly measuring the enzyme activity of the recombinants (Table 1) . Both ␤-galactosidase and alkaline phosphatase activities were significantly higher in the recombinant than in the vector controls, suggesting that expression of the cloned gene confers phenotypic suppression of the envZ, phoR, and creC mutations. Thus rssA apparently encodes a functional protein capable of "crosstalking" via phosphoryl transfer to the receiver domains of E. coli histidine protein kinase mutants.
Since its discovery almost 20 years ago, the symbiotic association of R. pachyptila has been the subject of intense investigation. Fundamental questions that have been long pursued include how the symbionts communicate with the host and their mode of transmission at each generation. Although the nature of the specific signals recognized by the symbionts is as yet unidentified, the existence of an apparently functional twocomponent system is the first indication that the symbionts possess a mechanism to communicate information from their external to internal environments. 
A TWO-COMPONENT SYSTEM FROM R. PACHYPTILA SYMBIONT
